Background/Objective: The muscle activity before the initial contact between during jump landings is referred to as the pre-activity. The muscle pre-activity that occur during jump landing are considered to be an important predictor of non-contact anterior cruciate ligament (ACL) injury risk. ACL injury prevention programs have been widely conducted; these programs are generally focused on increasing the muscle pre-activity and include rotational jump landing. The purpose of this study was to investigate the timing of the muscle pre-activity of the hamstrings and quadriceps during 180 and 360 rotational jump landing. Methods: The participants were 10 healthy females. Electromyography was conducted on the knee joint muscles of the left leg (the non-dominant leg) during clockwise 180 and 360 rotational jump landings. rotational jump landing and the 360 jump landing, the pre-activities of the hamstrings occurred significantly earlier than those of the quadriceps (p < 0.01).
Introduction
Anterior cruciate ligament (ACL) injury is one of the most common ligament injuries of the knee, especially in female athletes, and mainly occurs through non-contact mechanisms, such as uncontrolled jump landings. 1 To decrease the incidence of noncontact ACL injuries, several ACL injury prevention programs have been developed. 2e4 ACL injury prevention programs have investigated the biomechanics related to landing techniques. 5, 6 In particular, the knee joint muscle activity before the initial contact in a jump landing (defined as the muscle pre-activity) is considered to play an important role in the dynamic stability of the knee. 7 Previous research has concluded that ACL prevention programs must include increased amounts of knee joint muscle pre-activity. ACL injury prevention programs often include rotational jump landings (180 and 360 rotational jump landings). 8, 9 Furthermore, rotational jumps are performed in many dynamic-movement sports, including basketball, gymnastics, and martial arts. However, there are no reports about the kinetics and the kinematics of the knee joint during rotational jump landing. According to previous reports regarding the muscle pre-activity during drop or vertical jump landings, hamstring pre-activity occurs significantly earlier compared to that of the quadriceps, with the earlier hamstring preactivity decreasing the tibial anterior shear and protecting the ACL. 10 To prevent ACL injury, the muscle pre-activity must be increased around the knee joint during jump landing; however, no study has investigated the muscle pre-activity during rotational jump landings. Therefore, it is unclear how the muscle pre-activity changes during high-difficulty jump landing. To introduce rotational jump landing into ACL prevention programs, it is necessary to analyse the muscle pre-activity patterns during 180 and 360 rotational jump landings. The purpose of the present study was to investigate the muscle pre-activity timings of the hamstrings and quadriceps during 180 and 360 rotational jump landings. We hypothesised that the muscle pre-activity timing of the hamstring muscle would occur significantly earlier compared to that of the quadriceps during rotational jump landings.
Materials and methods

Participants
Ten healthy females participated in the present study (mean age, 23.5 ± 2.5 years; weight, 50.3 ± 3.8 kg; height, 158.5 ± 4.8 cm). The non-contact ACL injury rate is two to eight times greater in females than in males 11 ; thus, males were excluded. None of the participants had a history of major lower limb injury. The participants were only recreationally active in sports and had no previous experience in rotational jump landings. 'Recreationally active' was defined as regularly engaging in running and cutting activities (e.g., soccer, volleyball, tennis, basketball) for a minimum of 30 min at least two or three times per week. The right leg was dominant (for kicking a ball) in all participants. The study protocol received Institutional Review Board approval (H25-20), and written informed consent was obtained from all participants before study commencement.
Tasks
The participants performed clockwise 180 and 360 rotational jumps. The clockwise 180 rotational jumps involved a double-limb take-off with a backward landing; 360 rotational jumps involved a double-limb take-off with a full rotation before landing. After each rotational jump landing task was explained, participants were allowed to adequately practice before the trials. The participants were instructed to fold their arms across their chest and land as naturally as possible with the preceding landing leg on the platform, maintaining the landing posture for approximately 2 seconds. The participants repeated the tasks as many times as necessary to record three successful trials of each rotational jump landing task. All participants performed a single-limb landing for both rotational jump landing tasks, and the results for the left (non-dominant) legs were analysed. Each participant was allowed to rest as much as she wanted to prevent fatigue. All data were acquired on a single day.
Instrumentation
Electromyography (EMG) data were recorded at 1000 Hz using a surface EMG system (SX230, Biometrics Ltd., UK). For all participants, EMG data were collected from the support leg (left leg) muscles, including the vastus medialis (VM), rectus femoris (RF), vastus lateralis (VL), semimembranosus (SM), and biceps femoris (BF). Bipolar surface electrodes (inter-electrode distance, 12 mm) were aligned with the longitudinal axis of the muscle in accordance with the recommendations of the SENIAM project. 12 The ground electrode was placed on the skin over the right styloid process of the ulna. The skin over the belly of these five muscles was shaved and cleaned with alcohol, reducing the skin impedance to below 5 kU. All electrode placements were confirmed with manual muscle testing and were checked for cross-talk. The EMG signal was fullwave rectified and filtered at a bandpass of 10e500 Hz with 130-Db common-mode rejection within the transmitter (Fig. 1) . The receiver converted the signal from analogue to digital through an external A/D converter, and the signals were displayed on a computer monitor. The muscle pre-activity was then defined as the timepoint at which the myoelectric activity first exceeded two root mean squares of the average baseline activity in the hamstrings and quadriceps, which was recorded during the quiet period before the rotational jump. 13 The ground reaction forces generated during the rotational jump landings were recorded using a force platform (9281E, Kistler Japan Co., Ltd., Japan) synchronized to the EMG system. These data were measured at the time of the initial footground contact (IC), which was defined as the time at which the ground reaction force exceeded 10 N. The sampling frequency of the force platform was 125 Hz. The area and mean amplitude for 200 milliseconds before the IC were recorded for statistical analysis (Fig. 2) .
Data analysis
The timing of the pre-activity in each muscle was analysed using a two-way repeated-measures analysis of variance with two muscle levels (quadriceps/hamstrings) and two task levels (180 /360 ). Tukey's post hoc analyses were conducted to identify the muscle pre-activity timing differences among the five assessed muscles. All statistical comparisons were performed with the level of significance set at p < 0.05.
Results
The muscle pre-activity timing around the knee joint was successfully captured during both the 180 and 360 rotational jump landings in all trials for all participants. In the 180 rotational jump landings, the pre-activity timings of the hamstring muscles (SM and BF) were significantly earlier compared with those of the quadriceps (VM, RF, and VL) (p < 0.01, Fig. 3) . Similarly, for the 360 landings, the pre-activity timings of the hamstring muscles (SM and BF) were significantly earlier compared with those of the quadriceps (VM, RF, and VL) (p < 0.01, Fig. 4 ). In the five assessed muscles, there were no significant differences in the pre-activity timings between the 180 and 360 rotational jump landings (Table 1) .
Discussion
The present study examined the muscle pre-activity timing of the hamstrings and quadriceps during rotational jump landings performed by healthy females. The results demonstrated that hamstring pre-activity occurred significantly earlier compared with that of the quadriceps; this may help to reduce the anterior tibial translation.
14 These findings may be beneficial for the ACL injury prevention programs that include rotational jump landing tasks. To our knowledge, the present study is the first to investigate the muscle pre-activity timing around the knee joint during 180 and 360 rotational jump landings, which are often included in ACL injury prevention programs. There were no significant differences between 180 and 360 rotational jump landings in the pre-activity timing for each of the five assessed muscles. The 360 rotational jump is more difficult to perform than the 180 rotational jump. Therefore, we predicted that the muscle pre-activities around the knee joint during the 360 rotational jump would be delayed compared with those during the 180 rotational jump. The muscle pre-activities around the knee joint showed a similar pattern in the 180 and 360 rotational jump landing tasks; therefore, in a future study, we will examine the joint angles or the muscle strength of the knee joint in 180 and 360 rotational jump landings, and thus identify the differences between 180 and 360 rotational jump landings. However, regarding the present study, the pre-activity of the hamstrings occurred earlier than that of the quadriceps in both the 180 and 360 rotational jump landing tasks. Cowling et al. 6 reported that the hamstring muscles were activated 200 milliseconds before the IC, while the quadriceps were activated 80 milliseconds before the IC during single-leg jump landings. Therefore, our findings are consistent with those of studies evaluating drop or single-leg jump landings. 5, 6 However, the rotational jump is more difficult than drop or single-leg jump landings. McBride et al. 15 reported that the difficulty of the jump landing task influenced on the muscle pre-activity timing, resulting in a delay in the muscle pre-activity during rotational jump landings compared with that for single-leg jump landings. Neuromuscular training studies have been conducted in an attempt to reduce the risk of ACL injury. 16 Nagano et al. 8 reported that hamstring pre-activity was significantly increased after jump and balance training. Thus, recent studies have focused on the muscle pre-activity during functional activities, as the muscle preactivity is important for the dynamic stability of the knee. Studies using video analyses have reported that ACL injuries occur approximately 40 milliseconds after the IC, 17 and that the positive feedback control of muscle activities is too slow to protect against ACL injury. Therefore, as rotational jump training increases hamstring pre-activity, this task may be a necessary part of ACL injury prevention programs, which could be introduced after the participants learn how to correctly perform drop or vertical jump landings.
The present study has some limitations. First, we did not examine the muscle pre-activity level (amplitude), the joint angles or the muscle strength of the knee joint. Although the present results suggest that rotational jump landings may be beneficial for ACL injury prevention programs, we focused only on the muscle pre-activity timings around the knee joint. Therefore, it is necessary to explore the effect of the kinematics of the knee joint on ACL injury prevention. Second, we focused on only female participants, and the sample size was small. The reasons that we only included females were that females reportedly have a high risk of ACL injury during jump landings, 11, 18 and females generally exhibit increased quadriceps activation and decreased hamstrings activation during vertical stop jump landings compared with males. 19, 20 Further large-scale studies are required to clarify these sex differences. Third, the task assessed in the present study was a rotational jump. The rotational jump is more difficult than drop or single-leg jump landings; therefore, in a future study, we will evaluate the muscle pre-activity timing during rotational jump landings compared with that for other types of jump landings, such as single-leg jump landing or drop vertical jump landing.
Conclusion
The present study examined the pre-activity timing of the hamstrings and quadriceps during 180 and 360 rotational jumps performed by healthy females. The hamstring pre-activity occurred earlier than the quadriceps pre-activity during rotational jump landings. Rotational jump landings are often included in ACL injury prevention programs. Therefore, in a future study, we will examine the relationship between the muscle pre-activity and joint kinematics (joint angles and joint moments) and perform an intervention study to assess the effectiveness of ACL injury prevention programs that include rotational jump landing tasks.
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